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W
Accelerator Neutrino-
Neutron Interaction 

Experiment  

ANNIE is a water Cherenkov 
neutrino-neutron experiment in 
Fermilab’s Booster Neutrino Beamline 

GOAL is to measure the abundance of 
final state neutrons from neutrino-
nucleus interactions in water, as a 
function of energy

 ANNIE Run I ν-Nuclei Interactions?

Summary

Physics Impact

Cross Sections in Water

Supernova Neutrinos

Proton Decay

Neutrino Energy Reconstruction

Energy reconstruction will be essential for DUNE, Hyper-K, 
T2K, and NOvA 

• Detector resolution and effects can introduce missing energy 
and inelastic events faking quasi-elastic interactions 

• Can significantly impact systematic uncertainties 

• ANNIE is unique in that it can provide neutron data to 
complement the proton data taken in other experiments

Phys. Rev. D 92, 091301 (2015)

Neutrinos provide an excellent probe into stellar dynamics 

• Neutrinos (and gravitational waves) provide a window into a core collapse inner dynamics 

• Within 10 sec of a collapse, >98% of energy is carried away by neutrinos 

• Main detection comes from positrons emitted by the inverse beta decay (~88% of events) 

• Above ~20 MeV, the dominant background is due to the decay of sub-Cherenkov threshold 
muons from atmospheric neutrino interactions 

• Understanding neutron yields can be used to help statistically discriminate spallation 
backgrounds from diffuse relic supernova neutrinos

Phys. Rev. D 83, 012005 (2011)

SciBooNE 
(C8H8 target)

Phys. Rev. D 87, 092003 (2013)Neutrino cross section 
measurements  

• SciBooNE and T2K have made νµ 
charged-current inclusive cross 
sections on carbon 

• No similar statistics sample on 
water (oxygen) target exists 

• ANNIE could contribute to this 
measurement
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Run II Detector System
 

LAPPDs
Large Area Picosecond PhotoDetector

Cosmic Muon  
Candidate

Run I 
• Currently taking data 
• Extended run into 2016-2017 to demonstrate 

LAPPD readiness  

See M. O’Flaherty’s poster for Run I progress

LAPPD’s timing resolution is essential for neutrino vertex reconstruction

• ANNIE (Run II) seeks to measure the abundance of final state neutrons from neutrino 
interactions in water, as a function of energy 

• ANNIE (Run I) is currently taking data and will run into 2017 demonstrating LAPPD 
readiness 

• The Run II proposal plans on a realistic delivery schedule of 20 LAPPDs in 3 years by 
Incom, Inc., additional conventional PMTs and waveform sampling electronics are 
also proposed 

• ANNIE’s planned 5 year physics program will play a role in a variety of physics topics

• Up to 20 LAPPDs, downstream side of 
tank 

• Full radial PMT coverage with 200 PMTs 

• (combination of) 8” Hamamatsu,  
HQE 10” Hamamatsu, and 11” ETEL  

• Full tank (~26-tons) of 0.1% Gd-loaded 
water (0.2% of Gd2(SO4)3) 

• Full MRD coverage, 10 layers  
(alternating horizontal/vertical) 

• Combined waveform sampling electronics 
with fast electronics (PSEC4) to read 
conventional PMTs and LAPPDs

LAPPD

CC DIS event (µ, π0,π+)

LAPPDs

Neutrino Interaction with Neutron Yield : 
• No hits on the forward Veto 
• A matched muon track created in water 

volume to one in the MRD 
• Vertex determined using LAPPDs in water 
• Detect flashes of light due to neutron 

thermalization and Gd capture

Promising new technology for detecting neutrinos 
• Large, flat-panel, microchannel plate-based 
photosensors 

• 50-100 picosec time resolutions and <1 cm spatial 
resolutions 

• Based on new, potentially economical industrial 
processes with applications in particle physics, nuclear 
physics, X-ray science, and medical imaging 

• LAPPD design includes a working readout system
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• Tracks are reconstructed from the timing of the light arrival,  
LAPPDs help to discriminate between single and multi-track events 

• ANNIE scale (3 m cubic) detector, assuming 100% LAPPD coverage

To turn neutrino 
physics into a 
precision science we 
need to understand 
the complex multi-
scale physics of 
neutrino-nucleus 
interactions
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

Martini, Ericson, Chanfray - arXiv 1211.1523v2

• Dominant source of systematics on future long 
baseline oscillation physics 

• Source of uncertainty and controversy in short 
baseline anomalies

We need comprehensive and precise measurement  
for a variety of targets/Eν

Run I 
• Proof of concept 
• Measure neutron background rates in the 

Hall : skyshine, dirt neutrons

Run II  
• A key physics measurement in 

understanding the nature of neutrino-
nucleus interactions  

• Application of a new photodetector 
technology for detecting neutrinos 

36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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Allows for access to physics at the GUT scales 

• Easily seen in water Cherenkov detectors 

• Neutron tagging is needed to reduce atmospheric neutrino interactions 
(main background) 

• Proton decay is expected to produce neutrons <10% of the time, while 
atmospheric interactions could produce one or more final-state neutrons 
at least one final-state neutron 

• ANNIE can provide more precise neutron multiplicity measurement 
relevant to atmospheric neutrino induced events

arXiv:1504.01480 [physics.ins-det]


